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Abstract
For the past three decades the automotive industry is facing two main conﬂicting challenges
to improve fuel economy and meet emissions standards. This has driven the engineers and
researchers around the world to develop engines and powertrain which can meet these two
daunting challenges.
Focussing on the internal combustion engines there are very few options to enhance
their performance beyond the current standards without increasing the price considerably.
The Homogeneous Charge Compression Ignition (HCCI) engine technology is one of
the combustion techniques which has the potential to partially meet the current critical
challenges including CAFE standards and stringent EPA emissions standards. HCCI works
on very lean mixtures compared to current SI engines, resulting in very low combustion
temperatures and ultra low NOx emissions. These engines when controlled accurately
result in ultra low soot formation. On the other hand HCCI engines face a problem of high
unburnt hydrocarbon and carbon monoxide emissions. This technology also faces acute
combustion controls problem, which if not dealt properly with yields highly unfavourable
operating conditions and exhaust emissions.
This thesis contains two main parts. One part deals in developing an HCCI experimental
setup and the other focusses on developing a grey box modelling technique to control HCCI
exhaust gas emissions. The experimental part gives the complete details on modiﬁcation
made on the stock engine to run in HCCI mode. This part also comprises details
xix
and speciﬁcations of all the sensors, actuators and other auxiliary parts attached to the
conventional SI engine in order to run and monitor the engine in SI mode and future
SI-HCCI mode switching studies.
In the latter part around 600 data points from two different HCCI setups for two different
engines are studied. A grey-box model for emission prediction is developed. The grey box
model is trained with the use of 75% data and the remaining data is used for validation
purpose. An average of 70% increase in accuracy for predictining engine performance is
found while using the grey-box over an empirical (black box) model during this study. The
grey-box model provides a solution for the difﬁculty faced for real time control of an HCCI
engine. The grey-box model in this thesis is the ﬁrst study in literature to develop a control
oriented model for predicting HCCI engine emissions for control.
xx
Chapter 1
Introduction
Internal Combustion Engines (ICE) have been the primary means of powering automobiles
since their invention. Over the past century, various efforts have been made to improve
the existing technology. During this period engineer all around the world came up with
new combustion techniques, auxiliary devices, new designs, and fuels. In the past decade
the automotive industry is facing new challenges thrown at it by environmental concerns
and rise in fuel price. Engineers are now focusing on reducing the emission like NOx,
particulate matter, CO and CO2 while also increasing efﬁciency. This period has seen the
rise and application of technologies like hybrid powertrain, fuel cell and electric vehicles
to meet the new emission standards and high efﬁciency demand by the consumer. All of
these technologies are still outside the combustion; some of them like electric vehicles
also eliminate the ICE completely. Out of all of the above mentioned technologies hybrid
1
technology comes close to meeting the emissions demand and also high overall efﬁciency.
However, hybrid vehicles have their own disadvantages like high initial cost, limitations
on all electric miles and overall very high payback period, especially for the 2-mode
hybrid technology. Fuel cell powered vehicles come very close to the ﬁnal goal of zero
emissions since they produces water as exhaust. Then again, such vehicles require a major
change in the current setup of the infrastructure for hydrogen storage and transportation.
Recent development in after-treatment systems like advanced 3-way catalytic convertors
have helped reduce CO, uHC and NOx by 90%, again the use of this technology limits
the use of engine only in small deviation from stoichiometry. This, in turn limits the
use of lean mixtures while using the convertor. One of the technologies that has lured
a lot of engineers is the LTC (Low Temperature Combustion) engines also including
HCCI (Homogenous Charge Compression Ignition), PCCI (Premixed Charge Compression
Ignition) and RCCI(Reactivity Charge Compression Ignition). This technology has some
outstanding advantages over the conventional engines, but it also has some drawbacks.
This thesis centers on experimental and modeling development of HCCI engines. HCCI
engines achieve high efﬁciency without changing much of the existing infrastructure. HCCI
incorporates the best of both SI(Spark Iginition) and CI (Compression Ignition) engines.
The size of the engine is also ﬂexible which makes it even more promising for automotive
use. When controlled accurately HCCI help reduce both emission and fuel consumption.
HCCI combustion can be used on wide range of fuels with different octane number.
HCCI engines also offer a good scope in stationary engines due to the high efﬁciency
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and low emissions. This chapter consists of a brief description about the history, working,
beneﬁts, drawbacks and future scope of HCCI engines. This chapter concludes by giving
an overview of the research scope and thesis organization of this thesis.
3
1.1 Background
1.1.1 HCCI History
Today HCCI technology is considered new and developing but the technology has been
known to engineers for more than a century. This technology is also known as Controlled
Auto- Ignition (CAI) that has been luring engineers and researchers since past 100 years
[3]. One of the ﬁrst known patents belongs to Carl W. Weiss for inventing a hot bulb 2
stroke engine in 1897 [4]. This engine used kerosene injected onto the surface of hot
bulb. The mixture was then vaporized in a heated prechamber. The combustion took place
in the main chamber where the mixture entered from prechamber. The ﬁrst documented
study of HCCI chemical kinetics controlled combustion was done by Nikolai Semonov et
al in 1930s [3]. They later went on to build the ﬁrst CAI engine in 1970s [5] in which
combustion of the homogenous mixture took place when the two constituents, fuel and air,
entered from two different prechamber. The work done by Onishi [6] and Noguchi [7]
in late 1970’s was very notable, since it was premier work done to systematically study
CAI. Onishi and Noguchi studied the CAI on a two stroke engine and this work was then
extended to four stroke engine by Najit and Foster in 1980’s [8]. HCCI term was introduced
by Thring [9] while documenting the study of external exhaust gas recirculation effect
and air-fuel ratio on HCCI in 1980s. After 1990s this technology gained interest from
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researchers and engineers all around the world [10–12], driven by the rise in fuel cost and
stringent emission norms in US and Europe [13, 14]. HCCI technology has excellent fuel
ﬂexibility quality [15]. This allows the technology to be applied with the use of wide range
of fuels with different octane numbers. HCCI engines also exhibit the same properties over
a wide range of size this allowed the technology to be implemented on a 12 liter six cylinder
engine proposed by Olsson et al. [16] as well as on a 4.1 cc HCCI engine described by
Manente et al. [17]. The properties of HCCI engine make it virtually work with most
of the available fuels, at the same time the engine can also be scaled down to be used in
any application like a small motor bike to large stationary engine used in a mine or on a
ship [18]. As a result HCCI engines have a wide application base. These engines can have
a very large market if the HCCI technology is enhanced and optimized to be used on a
day to day basis. All these factors have led to intense research in this area in the past few
decades. The following section gives a brief overview of the working of an HCCI engine
and concludes with challenges faced by the HCCI engines.
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1.1.2 Operating Principles
HCCI engine self ignites a premixed homogenous mixture of fuel and air. This ignition is
primarily done by the help of compression of homogenous mixture. So one can say that
HCCI is a blend of both a SI engine and a CI engine. The fuel and air is premixed like
the SI engine. In an HCCI engine, auto-ignition of the homogenous mixture takes place by
compression without spark plug like a SI engine and without fuel injection like a CI engine.
This helps in auto-ignition at multiple locations in the homogenous mixture.
This moves the combustion closer to an ideal cycle and hence improves the efﬁciency.
More over the HCCI works on a very lean mixture compared to conventional engines.
The homogenous mixture minimizes the formation of PM (Particulate Matter) which is a
great relief with the new emission norms focused on PM. The HCCI engine has better part
load efﬁciency compared to SI engine and also lower NOx and PM because the mixture
is homogenous and combustion takes place a low temperature. Due to having low amount
of PM and NOx emissions from an HCCI engine the PM and NOx after-treatment devices
can be removed from the vehicle system without violating emissions standards [3]. The
efﬁciency is further improved because the combustion takes place at high compression
ratios. It helps eliminate throttling losses and shorten combustion duration. The efﬁciency
of the diesel engine is close to HCCI engine but the diesel engine comes with a problem
of high PM formation in the exhaust. As the charge burnt in HCCI engine is very lean and
premixed, with absence of diffusion limited combustion there is negligible soot formation
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[19]. The air- fuel ratio in HCCI engine is very lean, this makes the combustion temperature
low resulting in ultra low NOx emissions. This lean mixture also results in low fuel
consumption compared to conventional SI engines. The above combustion characteristics
make HCCI engines a promising and low cost solution to current fuel prices and emissions
challenges.
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1.1.3 Pros and Cons
HCCI have great advantages to meet the current problems surrounding conventional
engines. This section contains a brief discussion of advantages and challenges faced by
the HCCI technology. As previously discussed HCCI is somewhere between SI and CI
engine from the combustion view. When controlled efﬁciently, due to the combustion
characteristics of an HCCI engine PM and NOx emissions are reduced considerably. On
the other-hand there is an increase in uHC and CO emissions. This can be controlled
using common after treatment devices. This is still better than controlling the NOx and
soot formation in conventional CI engines. Since the combustion takes place almost
instantaneously, the HCCI cycle moves closer to the ideal cycle. This helps increasing
thermal efﬁciency. Efﬁciency is also affected positively due to the use of homogenous
pretreated air-fuel mixture and compression ignition. This helps eliminate throttling losses
and shorten the combustion duration.
The main challenges faced by HCCI are control of combustion timing, limited power
output, cold start and high uHC and CO emissions. The control of combustion timing
is done by the use of variable valve timing; exhaust gas trapping [20, 21], changing the
compression ratio [22, 23], variable EGR [24], injection timing [25–27], and varying the
intake temperature [28,29]. All these techniques are mainly used to control the temperature
of the mixture. The other way to control combustion process is by changing the fuel ratio
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(i.e. changing octane number of the fuel) like using two different fuel mixtures or additives
to the fuel mixture. Limited power output in HCCI can be solved partially by using
turbo [22, 30–32] or super charging [32–34] for boosting the air; but the main practical
method is to use dual mode engines SI-HCCI [35–37] or CI-HCCI [38, 39] which provide
assist coverage to full load operation and also helps for cold start.
Engineering is always governed by economics when it comes to consumer product. Thus
for HCCI technology to excel in the automotive industry it needs to be economical and
affordable. The main challenge is to come with simple and cost effective solutions to
implement this technology to tackle the problems faced by the automotive industry. The
main area of focus is to come up with combustion technique to achieve good overall
efﬁciency keeping the emissions in check. These goals can be partly addressed by
designing sophisticated combustion control system for the HCCI engine and combining
this combustion technology with hybrid power-train systems.
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1.2 Research Scope and Thesis Organization
As we have discussed in the previous sections of this chapter, the HCCI engines face
challenges like power output, high uHC and CO emissions, cold start and combustion
control. This thesis centers on two main challenges including high uHC,CO emissions
and combustion control. A grey-box model is developed for HCCI. This model can be
used for predicting the uHC,CO emissions; thus, a proper emissions control technique
can be devloped. In addition, the model can be used for design of neural network based
combustion controller and also creating a simulation test to evaluate model-based HCCI
controller. The thesis also includes details about the initial efforts taken to develop an
HCCI test bed at Michigan Technological University.
In this thesis, a stock engine from a model year 2011 Buick Regal is modiﬁed to run
in HCCI mode. The Chapter 2 on engine instrumentation consists details of all the
modiﬁcation done to the stock engine including the auxiliary components, sensors and
actuators added to implement and study the HCCI engine technology.
The combustion timing, IMEP (Indicated Mean Effective Pressure), exhaust gas
temperature and HCCI emissions are predicted by the using a grey-box modelling
technique developed in this thesis. For the grey-box modelling, around 600 data points
from two different engines are used. Out of these experimental data points Prof. C.R. Koch
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from the University of Alberta provided data from the Ricardo engine HCCI experimental
setup and Dr. B. Bahri et al from Universiti Teknologi Malaysia provided the data for
Yanmar engine HCCI experimental setup. Chapter 3 provides a detailed description of
the grey-box modelling technique used and scope of the technique. Finally Chapter 4
summarizes the results and provides recommendations for future work.
The Figure 1.1 shows the layout in which this research was carried out and also gives the
structure of the thesis.
Figure 1.1: Thesis structure
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Chapter 2
HCCI Engine Instrumentation and Lab
Setup
2.1 Introduction
HCCI engine is a relatively new type of engine. This kind of engine is not manufactured
like conventional SI or CI engines. As a result, for this study we have used a stock engine
and modiﬁed it to run in the HCCI mode. The engine required large modiﬁcation so the
after-market support required for the lab setup was a major factor in choosing the engine.
The engine setup to run in HCCI mode has to be coupled eventually with an electric motor
to perform as a hybrid system. This affected the size and power of engine that could be
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used. After studying the basic requirements of an HCCI engine and dyno test lab limitations
we narrowed down the engine speciﬁcations. List of requirements for the lab engine is as
follows:
† Displacement volume less than 2L
† Compression ratio around 10 but must be open for modiﬁcation
† In-cylinder direct fuel injection system
† Boosted air intake
† Fuel ﬂex capability
† Rated power should be less than 250 hp (due to limited dyno capacity as dyno is
proposed to run both HCCI engine and a 100KW electric motor together)
† High after-market support
After going through few previous studies and lab setups, we decided to go for a GM 2.0L
Turbo I4 Ecotec LHU Engine. The engine selected for this study is a gasoline engine that
can also run with ethanol blended fuels. The engine required auxiliary attachments and
modiﬁcations to run in the HCCI mode. Speciﬁcations of the stock GM engine purchased
for the lab are as listed below in the Table 2.1.1
1The engine speciﬁcation data is obtained from http://gmauthority.com/blog/gm/gm-engines/lhu/
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Table 2.1
Speciﬁcations of GM 2.0L Turbo I4 GEN I Ecotec LHU Engine
Parameter Value (units)
Bore 86 mm
Stroke 86 mm
Compression Ratio 9.2:1
Displacement Volume 1998 cc
Valve Conﬁguration Dual overhead camshafts
Valve Lifter Hydraulic roller ﬁnger follower
Firing order 1-3-4-2
Number of Valves per Cylinder 4
Fuel System Direct injection
Fuel Type Premium recommended, Fuel ﬂex capabilty
Rated Power 220hp (164 kW)@ 5300 RPM
Rated Torque 260lb.-ft (353 Nm)@ 2400 RPM
Maximum Engine Speed 6350 RPM
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This chapter consists the overview of the modiﬁcations and tasks completed to setup a
stock engine to run in the HCCI mode(Table 2.2 and Table 2.3). This chapter also provides
details of the sensors and actuators mounted on the engine for data acquisition.
Table 2.2
Auxiliary parts added to the engine.
Auxiliary Parts Reason
EGR valve To control EGR into the system
EGR cooler To cool the EGR to desired temperature
Thermocouples To measure temperature at various location
Pressure transducer To acquire and study pressure data various
locations
Lambda sensor To measure and monitor air-fuel equivalence
ratio
Air heater To increase the intake air temperature to
enable HCCI operation even with low
compression ratio engine
Crankshaft encoder To measure crank rotation at speciﬁed sample
rate
Intercooler To cool the compressed intake air
Super-charging station To supply boosted intake air while the
original turbocharger is not used
Table 2.3
Modiﬁcations required on the engine.
Modiﬁcation tasks performed Reason
Flywheel modiﬁcation To connect to dyno using universal joint
EGR circuit To introduce external EGR to help
auto-ignition process [28, 29]
Change compression ratio To help auto ignition process
ECU debugging connectors To read all the OBD data and make the
necessary changes to run the engine
Fuel system and intake air ports To add port fuel injection capability
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2.2 Engine Mounting
After the selection of the engine, the next task was to mount the engine on the cart in-order
to connect it with the test cell dynamometer. The test cell has an AC dynamometer which
has a 460 hp capacity. The test cell is equipped with its own data acquisition system which
processes the data and displays it on the work station outside the lab. This workstation
is planned to control the load, dynamometer, air heater, EGR, and coolant ﬂow. The
workstation is also used to monitor the pressure and temperature of the engine components.
The workstation controls the basic engine operation and a prototype engine control unit
(ECU) dSPACE Micro AutoBox is used for advanced combustion controls.
The engine mount and sizing of the parts in connection with the test cell were initially
designed using CATIA and SolidWorks. The design of some components were not to
scale initially but as products were purchased, the design was reviewed and the necessary
changes were made.
The Figure 2.1 shows the initial design of the engine mount. The engine is connected to
the cart with the help of four jack stands as seen in the Figure 2.1. The purchased engine,
being a stock engine required a horse collar to be connected to the jack stands in order to
be mounted on the cart. The horse collar was designed according to the requirement, but
the manufacturing had a very big lead time on it. So with the help of some modiﬁcations
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Figure 2.1: 3D Engine Mount (photo by author).
a transmission bell housing with similar features was used along with a 1.5” thick steel
plate. The steel plate and housing were connected by using high strength bolts and nuts.
The steel plate was machined in-house and a used transmission was purchased resulting in
reduced cost and lead time for the engine mount process. The rear mount for the engine
was manufactured and designed in-house using 1” square steel channel as seen in the Figure
2.1. This frame is connected with the jack stands using square thread bolts. The frame is
then connected to engine with a damper to reduce the vibrations. Figure 2.3 shows the ﬁnal
mount of the engine. A single mass ﬂywheel is used for the the test setup. The ﬂywheel
purchased required a small modiﬁcations and was mounted to engine as shown in the Figure
2.2. The horse-collar and steel plate was mounted over this ﬂywheel arrangement. Once
the engine was mounted correctly, a dummy dynamometer setup was used to check the
17
Figure 2.2: Flywheel Mount (photo by author).
height and alignment of the shaft with respect to dynamometer shaft; in-order to have zero
clocking and misalignment of the shafts. A misalignment of the shaft can result in high
vibration which can cause a considerable damage to the dynamometer, engine and also
results in misinterpreted pressure data. The Figure 2.3 shows the ﬁnal engine mount.
(a) Engine Front Mount (b) Engine Rear
Mount
Figure 2.3: Final Engine Mount (photo by author).
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2.2.1 Interface Panels
The interface panel was designed and mounted on the engine cart to make systematic
connections. These connections are used for passing signals from the thermocouples and
pressure transducers to the lab data processing and acquisition system. The panel is also
used for making all the electrical connections to the engine, ECU, sensors, and actuators.
This makes the design and manufacturing of the panel a critical part. The weight of the part
was factor for material selection, hence an aluminum plate of 0.25 ” thickness was used.
The engine cart consists two aluminium panels and one steel panel both of 0.25”. One
interface panel is purely used for electrical connections Figure 2.4 (b) and is placed on one
side of the engine cart and the other Figure 2.4 (a) is used for water connections, coolant
connection and fuel lines. This panel was placed on the other side of the engine opposite to
the electrical panel. The panels were designed using CAD tool. The ﬁnal design is shown
in Figure 2.4. Once the designs were ﬁnalized, they were given for manufacturing to a
vendor.
These panels were then mounted on an aluminum frame which ﬁnally bolted down to the
engine cart. Figure 2.5 shows the ﬁnal manufactured interface panels.
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(a) Interface panel for fuel and water lines 2D design
(b) Interface panel electrical connections 2D design
Figure 2.4: 2D Design of interface panels.
20
Figure 2.5: Manufactured interface panels (photo by author).
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2.2.2 Coolant and Water Lines
The coolant lines are used for circulating the coolant in the engine. The water lines are
used to circulate water in the intercooler used for cooling the compressed intake air and
also EGR cooler to cool the recirculated exhaust gas. The coolant lines were connected
by valves on one side to the test cell while the other side was connected to coolant-in and
coolant-out connections on the engine. The coolant lines were connected using ﬂexible
1.5” inner diameter coolant hose and steel pipes 1.5” outer diameter and 90 elbows. The
steel pipes and elbows were used to mount the pressure transducers and thermocouples in
the coolant path to acquire the temperature and pressure data for coolant, respectively.
The shut-off valves on the bottom of Figure 2.6 were used to connect and control the water
ﬂow to the intercooler from the test cell. While the steel connectors were used for the
coolant lines, the water connections from the connectors on the panel to the intercooler
were made using 1” ﬂexible hose, barbed connectors and hose clamps as shown in the
Figure 2.6.
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Figure 2.6: Coolant and water lines connections (photo by author).
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2.2.3 ECU Mount
The ECU mount was one of the difﬁcult things to do as it was very critical and had to be
mounted on location where the engine wire harness easily reached. Figure 2.7 shows the
way the engine harness was mounted. A 1” thick foam was used to mount the engine on
a 0.25” thick aluminium plate. This aluminium plate was connected to the frame of the
electrical panel on one side of the engine by using 90 degree bents for the aluminum frame.
The ECU and the foam were tied to the plate by using conventional zip ties.
24
Figure 2.7: ECU mount (photo by author).
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2.2.4 Intake Air Circuit
The intake air circuit consists of turbocharger, intercooler, air-heater, EGR intake, throttle
body, and ﬁnally intake manifold. The design of the circuit required a lot of revisions before
the ﬁnal design. The ﬁnal design was created using Catia as shown in Figure 2.8. A stock
part was used for connecting the fresh intake air to the turbocharger inlet as shown in Figure
2.9. The section of air circuit marked as fresh air intake in Figure 2.9 deals only with air
at room temperature and atmospheric pressure. This section is connected to turbocharger
inlet. The turbocharger outlet is connected to the steel exhaust pipe using a silicone ﬂexible
pipe and high pressure hose clamps. The ﬂexible silicone piping used for this purpose
has a thermal rating of 180°C and the hose clamps are rated for high pressure use. This
section is used for passing the compressed air from turbocharger outlet to the intercooler
inlet where it is cooled. The fabrication and design of the intercooler mount was done
inhouse using a 0.25” thick steel plate. The intercooler is mounted centrally beneath the
engine on the cart. The water connections to the intercooler were made as described in
the Section 2.2.3 of this chapter. Two ﬂexible silicone 90°elbows were used on either side
of the intercooler. One silicone bend pipe was used to connect the turbocharger outlet to
the intake of the intercooler and the other silicone bend pipe is used to connect intercooler
outlet to the air-heater intake for the cooled compressed air. The air heater was connected
on one end to the intercooler and the other end to the throttle body by using a straight
silicone ﬂexible hose and high pressure hose clamps as shown in Figure 2.10. The throttle
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body is currently connected to the engine as per manufacture’s speciﬁcations but there are
plans to change this in order to accommodate the EGR intake tap. The complete air intake
circuit is designed in such way that it can accommodate any major change if required in
future.
Figure 2.8: 3D design for post turbo intake air circuit.
Figure 2.9: Intake air circuit (photo by author).
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Figure 2.10: Compressed air cicuit from intercooler outlet to air-heater inlet
(photo by author).
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2.2.5 Exhaust Gas Recirculation Circuit
EGR can facilitate in the auto-ignition process in an HCCI engine [28, 29]. This section
covers the modiﬁcations done to the test engine in order to introduce EGR in the setup. The
current engine did not have EGR pre-installed so a pre-turbo EGR circuit was designed and
implemented. The exhaust manifold was drilled and a pipe extension was welded in order
to make room for the exhaust pipe connection. This pipe was then connected to the EGR
cooler. The EGR cooler was used to cool the hot EGR gases from the engine exhaust
manifold by using a water cooled heat exchanger. The other end of the EGR cooler is
connected to the EGR valve using 0.5” diameter pipes. Finally the EGR valve outlet was
connected in the path of the intake air before the intake manifold. The EGR valve and
EGR cooler are both from Ford F150 pickup. The current location of pre-turbo EGR tap
can be easily changed to post-turbo by simply connecting the pipe to a post turbo location
before the lambda sensor mount. The location of EGR intlet in the intake air path is also
open for modiﬁcations. The complete circuit is very ﬂexible and can be modiﬁed in future
as required. The EGR cooler was mounted on the rear mount frame using U-bolt clamps
and dampeners to reduce vibrations. The EGR valve and EGR cooler mount can be seen in
Figure 2.12.
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Figure 2.11: EGR tap on exhaust manifold before the turbocharger (photo
by author).
Figure 2.12: EGR cooler mount and connections (photo by author).
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2.3 Sensors & Actuators
The engine is instrumented with a number of sensors mounted on the engine for data
collection and monitoring. The engine is a stock engine which is modiﬁed for the lab
application; thus, there are added auxillary parts like air heater, shaft encoder, lambda
sensor, many new sensors mounted on the engine. Figure 2.13 gives an overview of all
the sensors and auxillary parts mounted on the engine. This section covers the topics
of thermocouples, pressure transducers, shaft encoder, lambda sensors and in-cylinder
pressure sensors, including their mounting and wiring.
Figure 2.13: Overview of lab setup with newly added sensors and parts.
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2.3.1 Thermocouples
The thermocouples used for this lab setup are all K-type. The thermocouples were mounted
at the locations shown in Figure 2.13. They were mounted using 0.25” NPT ﬁttings on the
pipes as shown in Figure 2.14. The pressure check was performed for the joints and the
mounts in order to prevent leaks of coolant and gases.
2.3.2 Pressure Transducers
Two types of pressure transducers were used in this experimental study: absolute pressure
transducers and gauge pressure transducers. Two absolute pressure transducers were
mounted on intake manifold and exhaust gas pipe after turbocharger, respectively. The
absolute pressure transducers were used to measure the accurate boosted air pressure in the
intake manifold. The rest of the pressure transducers measure gauge pressure. The absolute
pressure transducer have 0-5 Volt D.C. excitation, 0.5% FSO and 0-50 psi range [40] .The
pressure transducers are mounted as shown in Figure2.13. They were mounted on tee
joint along with thermocouples on most locations using a barbed ﬁtting. A pressure check
similar to thermocouple was performed with 4 bar compressed air to check for leaks.
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Figure 2.14: Pressure transducer and thermocouple on the intake manifold
(photo by author).
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The in-cylinder pressure sensors are needed to measure in-cylinder pressure trace data
during the engine cycle. The data recorded by these sensors is critical for studying the
combustion performance of the engine. Proper mounting of these sensors inside the
cylinder head is a critical task. The position of the sensors was decided by studying the
previous test engines at the university. The pressure sensors were mounted on a machined
new cylinder head by Endres Machining, Houghton,MI.
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In?cylinder pressure transducer voltage reading
Figure 2.15: In-cylinder pressure transducer voltage reading.
Figure 2.15 shows the plot generated using the measured output voltage from an in-cylinder
pressure transducer. This voltage will be converted to respective pressure reading using
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the test cell data acquisition system and manufacturer’s speciﬁcation sheet. The pressure
sensors are by PCB piezotronics and a special ﬁnishing tool was used to complete the
mount of these sensors. The machined cylinder head with the pressure sensors was then
swapped with the original cylinder head. There are four sensors mounted one for each
cylinder. Speciﬁcations of this sensor is provided in the Appendix C.
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2.3.3 Shaft Encoder
An external shaft encoder is be mounted on the engine to measure the crankshaft rotation
at a speciﬁed sample rate. This data is linked with the in-cylinder pressure data to study
the engine performance under different operating conditions. For this study an Accucoder
encoder model 260 2. The encoder is a 4-pole front mount encoder with bore size of
0.625” [41]. The encoder uses a line driver. The encoder coonected to the data acquisition
system using a 8 pin M12 male connector. The shaft encoder was mounted on the opposite
side of the dyno shaft. The design of the encoder on the existing engines was studied and
3D model was developed based on the study. The 3D model was then modiﬁed according
to the requirements of the current engine and encoder dimensions. The following Figures
2.16 and 2.17 show the 3D model of the encoder mount. The parts for the mount were
fabricated and manufactured by REL Manufacturing Figure 2.18. The material used was
mild steel.
2 Crankshaft encoder with part number 260 N-R-11-S-0360-R-HV-1-SMK-FA-1-N is used
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Figure 2.16: Exploded view of encoder mount 3D design.
Figure 2.17: Encoder mount 3D design.
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Figure 2.18: Manufactured encoder mount (photo by author).
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Figure 2.19: Crank angle reading.
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2.3.4 Lambda Sensor
A BOSCH LSU 4.9 lambda sensor is used to measure air-fuel equivalence ratio. The
sensor is a wideband UEGO (Universal Exhaust Gas Oxygen) type which can operate under
very lean engine operating conditions. The main reasons for using this model were it’s
compatibility with the dSPACE controller and its ability to work with very lean air fuel
mixtures which are commonly used in HCCI engines. The characteristic curve for the
sensor has almost constant slope for λ = 0.65 to inﬁnity (air) makes this model suitable
for use in HCCI application [42]. The Lambda sensor is mounted on the exhaust pipe after
the turbocharger as shown in the Figure 2.20. The Lambda sensor was connected to the
dSPACE module as per the wiring diagram and the calibration was done using the details
in the data sheet shown in Appendix C.7, C.8 and C.9. The block diagram in the data sheet
was used as a reference for mounting and wiring the sensor on the exhaust pipe.
Figure 2.20: Lambda sensor mount (photo by author).
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2.4 Wire Harness and OBDII Connections
The engine was purchased along with stock a ECU and wire harness. The wire harness was
carefully studied with the help of available books from Mithcell1.com. Next, necessary
wires were connected to the OBDII connector. This connector was purchased separately
and was important in order to communicate with the ECU. The ECU codes and ﬂags can be
read using the OBDII connections. This is the easiest way to change the engine calibration
and communicate with the stock ECU. This step is necessary in order to run the engine in
the test lab. Figure 2.21 shows the connections made to the OBDII connector.
Figure 2.21: OBDII connector wiring (photo by author).
The important connections on the OBDII connector are the CAN wires, battery positive
for 12 volt, chassis, and ground connection. Both chassis and ground were connected to
the common ground on the instrument panel and the positive wass connected to the 12
volt positive supply on the engine cart. The CAN wires are used for communication with
the ECU, stock sensors on the engine, and the throttle body. All the thermocouple wiring
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was made on the electrical instrument panel, as shown in Figure 2.22. Similar wiring was
done for pressure transducers. This wiring of the connectors on the instrument panel helps
operator to easily connect all the engine sensors and actuators with the test cell harness.
The wiring is also made to provide one common positive supply for all devices requiring
12 volt and also for devices requiring 5 volt. In addition, the instrument panel has common
ground which is used to connect all the ground connections on the engine and cart to the
test cell ground.
Figure 2.22: Thermocouple wiring (photo by author).
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Figure 2.23: Final engine mount (photo by author).
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Figure 2.24: Final engine dyno setup (photo by author).
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2.5 Summary
This chapter covered the details of the engine setup developed for future HCCI studies
at Michigan Technological University. A 2.0 litre GM GEN I Ecotec LHU was modiﬁed
in order to run in the HCCI mode. The modiﬁcation includes adding intake air heater and
introduction of an EGR loop. A number of parts were manufactured to assemble the engine
setup. A lambda sensor, crank shaft encoder, temperature sensors, and different pressure
sensors were mounted on the engine. The data sheets of all sensors are provided in the
Appendix C. The ﬁnal engine setup has been tested in both motoring and ﬁring SI modes.
The experimental work from this thesis created a base HCCI engine setup which will be
extended in future for HCCI engine studies.
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Chapter 3
Grey Box Modeling of HCCI
Combustion and Emissions1
HCCI holds promise to increase thermal efﬁciency and reduce Nitrogen Oxides (NOx)
and Particulate Matter (PM) emissions from internal combustion engines. Lack of a direct
means to initiate the combustion and high levels of Total Hydrocarbon (THC) and Carbon
Monoxide (CO) emissions are major drawbacks associated with HCCI engines. Control of
combustion phasing for optimum thermal efﬁciency and minimizing emissions are vital for
putting HCCI engines into practice. One major challenge is to develop accurate models for
understanding engine performance, as those models can run real-time for HCCI control.
1The results from this chapter were presented at [1] and accepted for publication [2]. This work was done
in collaboration with Mehran Bidarvatan from Michigan Technological University. Permission to use the
material can be found in Appendix B.1 and B.2
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In this chapter, the ﬁrst computationally efﬁcient grey-box model for predicting major
HCCI engine variables is developed. The grey-box model consists of a combination of
physical models and three feed-forward artiﬁcial neural networks models to estimate six
major HCCI variables including combustion phasing, load, exhaust gas temperature, THC,
CO, and NOx emissions. The grey-box model is experimentally validated over a large range
of HCCI engines operation including 309 steady state and transient test conditions. The
validation results show that the grey-box model is able to predict the HCCI engine outputs
with average relative errors less than 10%. Performance of the grey-box methodology is
tested for two different HCCI engines and the veriﬁcation results show that the developed
six-output grey-box model can be successfully used for performance modeling of different
HCCI engine applications.
3.1 Introduction
HCCI is a low temperature combustion mode that holds promise to obtain thermal
efﬁciency as high as 50% [43], reduce Nitrogen Oxides (NOx), and produce negligible
Particulate Matter (PM) emissions [44]. HCCI combustion is a complicated thermo-kinetic
process due to its high dependence on the mixture charge properties and the thermo-kinetic
reactions, while it lacks the direct means to start the combustion process [45]. This makes
the control of HCCI combustion phasing challenging. Limited operating range (i.e. engine
load) and high levels of Total Unburned Hydrocarbon (THC) and Carbon Monoxide
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(CO) emissions are two other major challenges in HCCI engine [46]. In addition, HCCI
engines typically run at low exhaust temperature (as low as 120 °C [46]) that signiﬁcantly
limits THC and CO abatement by oxidation catalysts. Therefore, reducing THC and CO
emissions is more challenging for HCCI engines which shows the necessity of exhaust gas
temperature control. Overall, major HCCI control objectives include combustion phasing,
engine load (i.e., Indicated Mean Effective Pressure, IMEP), exhaust gas temperature,
and exhaust emissions. To overcome the major HCCI challenges, simultaneous control of
these engine variables is essential. This study develops a grey-box model for predicting
these engine variables for performance study and control of HCCI engines.
HCCI control models can be divided into three main groups as shown in Figure 3.1.
These groups include empirical or black-box models, physics-based models, and grey-box
models. The ﬁrst group includes System Identiﬁcation (SYID) based models [47–50]
and Artiﬁcial Neural Networks (ANN) models. ANN models have been widely used in
internal combustion engine applications [51–57]. [58–62] are examples of ANN models
used for HCCI engine control applications. The empirical models can be used to capture
the behavior of HCCI engines without enough knowledge of the physics of the processes.
However, due to the lack of physical knowledge, the empirical models will not be able to
compensate easily for the system dynamics change in response to parametric variations.
The second group includes physical models that capture characteristics of HCCI operation
by using mathematical modeling of the engine cycle. [63–79] are examples of this group.
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Figure 3.1: Background of HCCI engine control modeling in literature
[1, 2].
Depending on the level of complexity, there is a variety of physical HCCI models
ranging from detailed thermo-kinetic models [78] and multi-zone models [79,80] to simple
physics-based control-oriented models [63–77]. All of these model types can capture
physical parametric changes due to their physical understanding of the system process.
However, there is a limitation for real-time control application of the physical models
particularly when low order computationally efﬁcient models are required. Grey-box
models [81] provide beneﬁts of both groups of physical models (clear-box models) and
black-box models, by combining these two model types. This thesis centers on developing
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a grey-box model to predict HCCI engine operation for performance analysis and control
applications.
The HCCI models in the literature can be categorized into three groups with respect to
the number of inputs and outputs as depicted in Figure 3.1. Single Input Single Output
(SISO), Multi Input Single Output (MISO), and Multi Input and Multi Output (MIMO)
models constitute these groups. [47–49, 63, 65–68] are examples of SISO models used
for predicting combustion phasing. Another example of a SISO HCCI model is [59] in
which the engine load (IMEP) is predicted. [58, 60–62] are examples of MISO models
for predicting combustion phasing, separate control of load and combustion phasing,
detection of misﬁre, and predicting exhaust gas temperature, respectively. Some examples
of MIMO models are [50] and [69–74] that simultaneously predict the engine combustion
phasing and load. The model in [75] predicts load and exhaust gas temperature while [81]
proposes a model for simultaneous prediction of combustion phasing, load, and exhaust
gas temperature.
There is no comprehensive control model in the literature for predicting HCCI engine
performance parameters and exhaust emissions. Available HCCI emission models in
the literature are computationally expensive for use in control applications. In this
study, a comprehensive grey-box MIMO model is proposed that can predict all the major
HCCI engine variables including combustion phasing, load, exhaust gas temperature, and
engine-out emissions of THC, CO, and NOx. To the best of the authors’ knowledge, this
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is the ﬁrst study on developing a MIMO HCCI grey-box model that can predict both
the engine performance parameters and the main HCCI engine emissions. Accuracy of
the model is tested by experimental validation over a large operating range of two HCCI
engines under 309 steady state and transient conditions.
This chapter is presented as follows. Section 3.2 describes the Ricardo HCCI engine
experimental data [82] used for grey-box modeling. The structure of the grey-box model
is explained in Section 3.3. Next, design of the ANN structure, training and validation
results for the grey-box model are discussed in Section 3.4. This section also includes the
validation of the grey-box model for a totally different HCCI engine (Yanmar).
3.2 Experimental Data
Experimental data from [82] for a single cylinder HCCI Ricardo engine at 208 steady state
operating conditions are used in this study. The speciﬁcations of the engine are listed in
Table 3.1.
Operating range of the HCCI engine is shown in Figure 3.2. For this study three different
blends of Primary Reference Fuels (PRFs) are used. These fuels include PRF0 (n-heptane),
PRF20 (20% iso-Octane and 80% n-heptane), and PRF40 (40% iso-Octane and 60%
n-heptane). The data includes ultra-lean air-fuel mixtures with fuel equivalence ratio
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Table 3.1
Speciﬁcation of Ricardo single cylinder engine.
Parameter Value (units)
Bore 80 mm
Stroke 88.9 mm
Compression ratio 10:1
Displacement volume 0.447 L
Number of valves 4
IVO/IVC -175/+55 CAD aBDC
EVO/EVC -70/-175 CAD aBDC
ranging from 0.29 to 0.61. In addition, external Exhaust Gas Recirculation (EGR) is 0% in
this study.
Range of combustion phasing (CA50) in Figure 3.3 is from 0 to 25 CAD aTDC, the engine
load (IMEP) ranges from 3.4 to 9.1 bar, and the exhaust gas temperature (Texh) ranges from
242 to 386°C. More than 40% of the data points in Figure 3.3 have Texh less than 300°C.
The light-off temperature (the temperature at which the catalyst becomes more than 50
percent effective) is about 250 to 300°C for most catalysts [83, 84]. To ensure that high
THC and CO emissions in HCCI can be mitigated by an oxidation catalyst, it is important
to adjust the exhaust gas temperature above the catalyst light-off temperature. In addition,
it is necessary to ensure that the engine generates a minimum amount of THC and CO
emissions until the catalyst reaches its fully warm-up condition. Figure 3.4 shows ranges
of the engine-out harmful exhaust gas concentrations that expand from 0 to 50 PPM for
NOx, 0.05% to 0.50% for CO, and 1452 to 5127 PPM for THC. The experimental data
from this section is used for training and validation of the HCCI grey-box model described
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in Section 3.4.
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3.3 Grey-box Model Description
This section describes the architecture of the grey-box model used in this thesis. The
section describes the constituents of the grey-box i.e. physical model, black-box model
and their integration.
3.3.1 Architecture of Model
In this section, a grey-box model is developed using the serial architecture shown in
Figure 3.5. It consists of a CA50-IMEP grey-box model, an ANN Texh model, and an ANN
emission model. The CA50-IMEP grey-box model consists of a physical model and an
ANN CA50-IMEP model. The Texh grey-box model requires ﬁve inputs including engine
speed (N), fuel equivalence ratio (φ ), adiabatic ﬂame temperature (Tad), and Texh from
the clear-box model (Texhp), and CA50 from the CA50-IMEP grey-box model (CA50g).
The inputs to the grey-box emission model are φ , intake manifold pressure (Pman), intake
manifold temperature (Tman), N, and CA50g. The model outputs are CO, THC, and NOx
concentrations.
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Figure 3.5: Architecture of the grey-box HCCI model [1, 2].
3.3.2 Physical Model
The physical model in the CA50-IMEP grey-box model consists of four physical HCCI
models used for predicting CA50p [85], IMEPp [74], adiabatic ﬂame temperature (Tad),
and Texh [86]. Tad is calculated at constant volume since the HCCI cycle is a closer
approximation to constant volume combustion than to constant-pressure combustion. Tad is
calculated from the ideal gas law with enthalpy of reactants and speciﬁc heat of each of the
mixture components for any φ and Tman of HCCI engine. Details of the physical models
are shown in the Appendix A. φ , Tman, Pman, and N are the dominant engine operating
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variables that affect CA50, IMEP, Tad , and Texh [82,83,85]. Therefore, they are used as the
inputs to the clear-box model. The engine operating variables including φ and N along with
Tad , Texhp, and CA50g are used as the inputs to the Texh ANN model (Texhg is the output).
The emissions ANN model receives all the aforementioned engine operating variables and
CA50g to predict the engine-out emissions (COg, THCg, and NOxg). No EGR is used in
this study, thus it is not among the model inputs.
3.3.3 Artiﬁcial (Black-Box) Model
Structure of the CA50-IMEP, Texh, and emissions ANN models are shown in Figures 3.6,
3.7 and 3.8 respectively. A hyperbolic tangent sigmoid function is used as the activation
function for the hidden and output layers. The back-propagation learning algorithm [87]
is used for training the ANN models. The weights are initially chosen randomly. Then,
they are adjusted during several training iterations to minimize a cost function chosen to
be the Mean Squared Error (MSE) [87]. The ANN is simulated with the input data and the
error is calculated between the estimated output and the actual output. The weights are then
updated starting with the output weights and progressing back to the input weights using
a gradient descent to minimize the MSE. The process is repeated until a performance goal
is achieved. Training is done only for the black-box models; the physical model is run and
its outputs are used as the inputs to the black-box models for either training or validation.
Therefore, there is no training for the physical parts of the grey-box model.
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The term black-box only model in this study refers to an independent ANN model with
inputs only from the engine operating conditions including φ , Tman, Pman, and N. The
black-box only model is not part of the grey-box model structure (Figure 3.5) and does
not have any inputs from the physical model.
Figure 3.6: Feedfoward Artiﬁcial Neural Networks (ANN) for CA50 and
IMEP used in this study [1, 2].
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Figure 3.7: Feedfoward Artiﬁcial Neural Networks (ANN) for Texh used in
this study [1, 2].
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Figure 3.8: Feedfoward Artiﬁcial Neural Networks (ANN) for emissions
used in this study [1, 2].
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3.4 Results and Discussion
The CA50-IMEP, Texh, and emissions ANN models are trained and validated in this section
for different PRFs (i.e. PRF0, PRF20, and PRF40) from Ricardo HCCI engine. Then,
performance of the developed grey-box models are tested on a different HCCI engine
(Yanmar).
3.4.1 ANN Structure Design
To design the ANN structure, it is necessary to determine the optimum size of the ANN
model and the optimum number of epochs (training iterations) to avoid overtraining. For
this purpose, in this section the design procedure is illustrated for the CA50-IMEP ANN
model, while the same procedure is used for Texh and emission ANN models. An ANN
with one hidden layer and 25 neurons is selected for the CA50-IMEP model. The number
of neurons in the hidden layer is chosen by investigating the training performance as shown
in Figure 3.9. For every PRF, the ANN is trained and validated over a range of 1 to 35
hidden neurons (Figure 3.9).
As the number of neurons increases, the MSE decreases and the coefﬁcient of correlation
increases. After 25 neurons in the hidden layer, the change in prediction accuracy of the
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model is minor with increase in the complexity of the network. This helps in choosing
the smallest network size with an acceptable accuracy. A size of 25 neurons in the hidden
layer is selected to satisfy a trade-off between the model complexity and accuracy.
The CA50-IMEP ANN model is simulated to ﬁnd the optimum number of epochs to
avoid overtraining. The results are shown in Figure 3.10. Initially, the MSE decreases
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dramatically with increasing the number of epochs, but then the drop in MSE becomes
small and the MSE stays at about a constant value. Optimum number of training iterations
is found to be 30, as shown in Figure 3.10.
208 steady-state data points of the Ricardo HCCI engine for three PRFs are used. 75% of
the data is used for training while the rest 25% of the data is used to validate the grey-box
models. The training and validation results are discussed in the following Sections 3.4.2
to 3.4.5.
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3.4.2 Combustion Phasing and Engine Load (IMEP)
Results of training and validation of the CA50-IMEP grey-box model are shown in
Figures 3.11 and 3.12. The accuracy of the grey-box model for predicting CA50 and IMEP
is compared with those from the clear-box and the black-box models in Table 3.2. The
grey-box model shows the best performance in predicting CA50 and IMEP among all the
studied types of modeling. Root Mean Squared Error (RMSE) of the grey-box model is
3.3 and 2.1 CAD less compared to the clear-box and black-box models, respectively. In
addition, Standard Deviation (STD) of error for the grey-box model is about 2.3 and 2.1
CAD less than the clear-box and black-box models, respectively. Similarly, the IMEP
prediction of the grey-box model is better than those of its two peers with more than 80%
and 60% reduction in RMSE and about 94% and 86% reduction in STD of error compared
to the clear-box and black-box models, respectively.
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Table 3.2
Comparison of average accuracy of the clear-box, black-box, and the
grey-box models for all fuels for Ricardo engine [1, 2].
Type of Model Parameter STD of Error RMSE
CA50 [CAD] 3.1 4.1
IMEP [bar] 1.7 1.30
Texh [°C] 17.0 21.0
Clear-box NOx [PPM] - -
CO [%] - -
THC [PPM] - -
CA50 [CAD] 2.9 2.9
IMEP [bar] 0.7 0.50
Texh [°C] 10.0 13.3
Black-box only NOx [PPM] 11 12
CO [%] 0.14 0.18
THC [PPM] 1054 1210
CA50 [CAD] 0.8 0.8
IMEP [bar] 0.1 0.20
Grey-box Texh [°C] 5.0 5.3
NOx [PPM] 4 4
CO [%] 0.03 0.03
THC [PPM] 333 394
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3.4.3 Exhaust Gas Temperature
Performance of the Texh grey-box model is shown in Figure 3.13. Table 3.2 compares the
average of RMSE and STD of error for all the three PRFs. It shows that there are about
16, 8 °C reductions in RMSE and 12, 5 °C reductions in STD of error in the grey-box
model prediction of Texh compared to the clear-box and the black-box models, respectively.
Overall, the Texh grey-box model outperforms its two clear-box and black-box peers.
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Figure 3.13: Prediction of Texh (exhaust gas temperature) for Ricardo
engine: (a) training, (b) validation data [1, 2].
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3.4.4 Engine-out Emissions
Performance of the grey-box model in predicting the engine-out emissions concentrations
are shown in Figures 3.14, 3.15, and 3.16 and indicate the grey-box model can effectively
predict concentrations of all the three types of emissions with correct trends and acceptable
accuracy. Comparison results in Table 3.2 show that the prediction of CO, THC, and NOx
emissions have been improved by more than three times using the grey-box emission model
compared to the black-box model.
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Figure 3.14: Prediction of CO concentration for Ricardo engine: (a)
training, (b) validation data [1, 2].
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3.4.5 Transient Validation
The grey-box models are also validated against the transient HCCI experimental data taken
from [86]. The transient validation includes CA50, IMEP, and Texh but does not include
engine-out emissions since fast response emission analyzers were not at our disposal.
Transient validation results for CA50, IMEP, and Texh are shown in Figure 3.17. Accuracy
metrics of the grey-box models for this transient operation are listed in Table 3.3 and show
that the grey-box model can predict CA50 with the STD of error and RMSE of both less
than 2 CAD. While both the STD of error and RMSE for IMEP and Texh are less than 0.1
bar and 4 °C, respectively.
Computation time for the grey-box model for each engine cycle on a 3.2 GHz Intel
processor is less than 1 ms. This makes the grey-box model desirable for model-based
real time control of HCCI engines.
Table 3.3
Prediction accuracy metrics for transient validation of the CA50-IMEP and
Texh grey-box models for Ricardo engine [1, 2].
Parameter STD of Error RMSE
CA50 (CAD) 1.5 1.6
IMEP (bar) 0.1 0.085
Texh (°C) 3.1 4.0
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3.4.6 Validation on a Different HCCI Engine (Yanmar)
The developed grey-box models are also validated for a different HCCI engine. The engine
is a single-cylinder four-stroke naturally aspirated, air-cooled Yanmar diesel engine with
direct injection capability that was modiﬁed for HCCI operation using ethanol fuel. The
speciﬁcations of this Yanmar engine are listed in Table 3.4. Experimental data for 100
steady state operating conditions from [61,62] is used in this study.
Table 3.4
Speciﬁcations of single cylinder Yanmar L70AE engine [1, 2].
Parameter Value (units)
Bore 78 mm
Stroke 62 mm
Compression Ratio 19.5:1
Displacement Volume 0.296 L
Number of Valves 2
IVO/IVC -155/+59 CAD aBDC
EVO/EVC -59/-155 CAD aBDC
The Yanmar engine experimental data are shown in Figure 3.18. It covers a large range of
operating conditions (CA50= 3 to 16 CAD aTDC, IMEP= 0.41 to 3.1 bar, and Texh=163 to
260 °C). The air-fuel mixture used in this engine is lean (φ= 0.23 to 0.35) to avoid knock
occurrence. The values of exhaust THC concentration vary from 1139 to 2779 PPM. CO
and NOx vary from 0.15% to 0.5% and 0 to 1 PPM, respectively. Given the ultra low level
of NOx emission in this engine, NOx prediction is not included in the grey-box modeling.
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Figure 3.18: Operating range for the HCCI experimental data from
Yanmar engine [1, 2].
CA50-IMEP, Texh, and emissions (CO and THC) grey-box models are developed based on
the Yanmar engine experimental data. The design approach of the ANN models are similar
to those described in Section 3.4.1. Prediction performance of the grey-box models are
then tested for the Yanmar engine. Results are shown in Figures 3.19, 3.20, 3.21, 3.22 and
3.23. Comparison results of the prediction performance for the clear-box, black-box, and
grey-box models are also shown in Table 3.5. The validation results conﬁrm that similarly
to the Ricardo engine, the grey-box models outperform the other two peers. The RMSE
is improved by about 4.2 CAD, 0.9 bar, and 5°C for CA50, IMEP, and Texh, respectively
compared to the clear-box model and about 1 CAD, 0.15 bar, and 5 °C compared to the
black-box model. In addition, the grey-box model predicts the CO and THC concentrations
with about 50% and 39% less error than the black-box model.
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Table 3.5
Comparison of average accuracy of the clear-box, black-box, and the
grey-box models for Yanmar engine [1, 2].
Type of Model Parameter STD of Error RMSE
CA50 [CAD] 4.90 5.0
IMEP [bar] 0.3 1.10
Clear-box Texh [°C] 13.7 11.1
CO [%] - -
THC [PPM] - -
CA50 [CAD] 1.40 1.70
IMEP [bar] 0.2 0.35
Black-box only Texh [°C] 11.0 11.0
CO [%] 0.06 0.1
THC [PPM] 392 734
CA50 [CAD] 1.20 0.80
IMEP [bar] 0.2 0.20
Grey-box Texh [°C] 9.0 6.5
CO [%] 0.03 0.05
THC [PPM] 261 450
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Figure 3.19: Prediction of CA50 for Yanmar engine: (a) Training, (b)
Validation [1, 2].
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Validation [1, 2].
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Validation [1, 2].
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3.5 Summary
This chapter consists of the results and ﬁndings of using a grey-box model for predicting
engine performance parameters and emissions in HCCI operation. This is the ﬁrst study of
grey-box MIMO model for predicting HCCI engine outputs including CA50, IMEP, Texh,
and concentrations of CO, THC, and NOx engine-out emissions. Experimental data at 309
steady state and transient conditions from two different engines i.e. Ricardo and Yanmar
engines are used for this study.
The average error for validation while using grey-box for predicting three main engine
out emissions i.e. NOx, CO, and THC is 4 ppm, 0.03% and 395 PPM respectively for
the Ricardo engine. The use of grey-box model for predicting the engine-out emissions
like NOx, CO, and THC results in the three times better prediction when compared to the
black-box model. For Yanmar engine the use of grey-box model results in the predicting the
emissions CO and THC emissions with average accuracy of 45% better than the black-box
model.
The grey-box model from this chapter can be utilized in the design of HCCI controllers by:
† serving as an accurate simulation test bed to evaluate emission and engine
performance,
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† design of ANN-based combustion comtrollers,
† ﬁnding optimum engine operating regions.
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Chapter 4
Conclusion & Future Work
An experimental setup of an HCCI engine is completed in this thesis. This thesis also
covers grey box modelling technique which can be used to address the needs of having an
accurate control model for the real time control of HCCI engines. The following section
summarizes the contributions from this thesis and also recommendations for future work
which can be carried out in this area.
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4.1 Conclusion
4.1.1 Experimental setup of an HCCI engine
† The GM engine used in this study was a stock engine out of a BUICK REGAL 2011.
This 2.0L turbocharged engine was modiﬁed heavily to work in HCCI mode. Most
of the modiﬁcation were required for data acquisition and mounting the engine for
dyno testing.
† EGR modiﬁcations were performed, since the stock engine did not have EGR loop in
the stock conﬁguration. EGR loop consists of Ford EGR cooler and EGR valve. This
loop can be converted either into pre or post turbo depending on the experimental
requirements.
† Intake air circuit was modiﬁed to accommodate required changes and water cooled
intercooler for turbocharged air and also adding airheater. The circuit was designed
to be ﬂexible enough to incorporate changes in the air circuit if required in future
specially with the use of supercharger.
† Interface panels were designed and mounted on either sides of the cart. One is used
for water connections for the intercooler and EGR cooler and the other is used for
all the electrical connections required for the sensors, transducers, ECU, power and
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common ground.
† A number of sensors and several actuators were mounted on the engine after careful
study and discussion in order to obtain the data required for HCCI study. The design
has room to accommodate changes as per future requirements.
† Installation of incylinder pressure sensors were designed and ﬁnally mounted after
machined by local manufacturing company.
4.1.2 Grey box modelling of an HCCI engine
This thesis developed the ﬁrst MIMO grey-box model for predicting all the main HCCI
engine outputs including CA50, IMEP, Texh, and concentrations of CO, THC, and NOx
engine-out emissions. The grey-box models were designed to require minimum efforts for
training while providing appropriate accuracy. The grey-box models were validated with
extensive experimental data at 309 steady state and transient conditions for two different
HCCI engine applications. Here is the summary of the main ﬁndings from this study:
† Ricardo HCCI engine with PRF fuels: The validation results showed that the
emission grey-box model is able to predicted CA50, IMEP, Texh, CO, THC, and NOx
with the average errors of 0.8 CAD, 0.2 bar, 5.3 °C, 4 PPM, 0.03%, and 394 PPM,
respectively. The grey-box models predicts CA50, IMEP, and Texh with more than
80%, 84%, and 74% better accuracy compared to those from the clear-box (physical)
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model and 72%, 60%, and 60% improvement in prediction accuracy compared to
those from the black-box model. In addition, the emissions grey-box model predicted
CO, THC, and NOx concentrations with three times better accuracy compared to
those from the black-box model.
† Yanmar HCCI engine with ethanol fuel: The grey-box model is capable of predicting
the main HCCI engine outputs with average 69% and 45% better accuracy than
the clear-box and black-box models, respectively (for CA50, IMEP, and Texh) and
about 45% average better accuracy than the black-box model for HC and CO
concentrations.
4.2 Future Work
As this was the ﬁrst study to develop an experimental setup of an HCCI at Michigan
Technological University, there is vast scope of improvement and modiﬁcations which can
be planned for the future HCCI studies. There are various tasks that can be performed on
the existing setup to enhance the performance of the HCCI engine. The existing setup is
designed in a way to adapt and incorporate the changes required for studying various HCCI
trends and behaviour. The following section gives a summary of all the tasks in progress
which are bound to be included in the existing setup
† Design and implementation of the Hybrid powertrain conﬁguration along with the
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HCCI engine. This is planned to be done using the LG Chemical battery packs
and the Remy electric motor. The coupling of this e-motor with the HCCI engine
addresses the varying load question. This also provides a very unique setup for
studying various aspects like the battery performance, e-motor performance and
HCCI engine performance when coupled with hybrid powertrain conﬁguration. The
good part of this study will be the development and implementation of a control
strategies for controlling the HCCI engine and e-motor in sync with each other.
† Supercharging station can be developed in order to induct the boosted air in the
intake circuit while using a pre-turbo EGR loop. This station can be designed in
order to function as a stand alone plug and play system. An electric motor can be
used to power the supercharger. This station can also be used for the study of other
naturally aspirated engine projects. Boosted air is one of the solutions for addressing
the limited power out of the HCCI engines [22, 30–32].
† Develop and implement the control system for EGR loop and intake air heater. This
is important part as it affects the temperature and composition of the combustion
mixture, which directly coupled with the control of combustion timing of HCCI
engines [21, 24, 88–90].
† Development and implementation a control strategy by using the dSPACE controller
to control the HCCI engine operation.
† Design and manufacturing of port fuel injection system for the engine. This system
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can be used to study the performance of the current HCCI engine under port fuel
injection conditions as the current engine consists of direct injection system. A duel
spray system can also be used to study the effect of different fuel composition on
the performance of the current HCCI engine. Fuel octane number is another factor
affecting the HCCI ignition timing [10, 16, 91–93] and future dual PFI system can
be used to adjust octane number of the input fuel for HCCI engine controls.
† Increase the compression ratio of the existing engine. This modiﬁcation is required
to enhance the auto ignition process of the HCCI engine setup [20, 21, 94]. One of
major aspects affecting the HCCI operation is compression ratio [95, 96] as IVC
temperature and pressure directly affect HCCI combustion [22, 23]. The cyclic
variation in HCCI operation is observed to be lower while using high compression
ratio [97]. In addition higher compression ratio will enable HCCI for broader engine
operation [97].
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Appendix A
Physical HCCI Engine Model [74, 85, 86]
INTAKE STROKE
Pivc =
[
Na¯1φ a¯2
T a¯3man
]
Pman
Tivc =
(
b¯1T 2man+b2Tman+ b¯3
) φ c¯1Nc¯2
(1+EGR)c¯3
COMPRESSION STROKE
Tsoc = Tmix
(
Vivc
Vsoc
)kc−1
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Psoc = Pivc
(
Vivc
Vsoc
)kc
COMBUSTION STROKE
∫ θsoc
θivc
φb
Eexp
(
c(PivcV
kc
c )D
TivcV
kc−1
c
)
N
dθ = 1
Vc =
Vivc
Vθ
E = e1EGR+ e2
xb(θ) = 1− exp
(−A
[
θ −θsoc
θdur
]B)
CA50= θ@xb=50%
Ueoc,k+1 =Usoc+Qf −Qw−Wsoc−eoc
Wsoc−eoc = mfLHVPAman
NB
(1+EGR)C
(D1θ 2soc+D2θsoc+D3)
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Qf = mfCoCLHVf
CoC = φA
(PBman)
(1+EGR)C
(D1θ 2soc+D2θsoc+D3)
Teoc =
(∑
i
Cv,iyi)ReactantTsoc+
mf
mmix
LHV (CoC−Wsoc−eoc)
(∑
i
Cv,iyi)Products
Peoc =
Pivc VivcVeoc
Teoc
Tmix
Reoc
Rivc
EXHAUST STROKE
T2 =
T1(∑
i
miCvi −∑
i
Cpi(mi,ce+mi,ec)+Qw+P1dV
∑
i
mi,2Cvi
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EXHAUST GAS EXCHANGE FLOW
i f
PT
P0
> (
2
k+1
)k/k−1,
m˙=
CDARP0√
R T0
(
PT
P0
)1/k[
2k
k−1(1− (
PT
P0
)
k−1
k )]1/2
otherwise,
m˙=
CDARP0√
R T0
k1/2(
2
k+1
)
k+1
2(k−1)
AR = πdvLv
EXHAUST GAS TEMPERATURE
Texh =
Tevo+Tevc
2
[
2mt(1−Xr)cp−hcAR
2mt(1−Xr)cp+hcAR
]
+
2hcAR
2mt(1−Xr)cp+hcARTw
IMEP
IMEP=
1
Vdis
∮
PdV = mmix
CV,mix
Vdis
(
Tivc−Tsoc+Teoc−Tevc
)
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M.Sc. Publications
B.1 Peer Reviewed Papers
1. M. Bidarvatan, V. Thakkar, M. Shahbakhti, ”Grey-box Modeling and Control of
HCCI Engine Emissions”, Proceedings of the 2014 American Control Conference,
Portland, Oregon, USA June 4-6, 2014. Permission for the use can be found at
http://www.ieee.org/publications standards/publications/rights/permissions faq.pdf
2. M. Bidarvatan, V. Thakkar, M. Shahbakhti, B. Bahri, A. Abdul Aziz, ”Grey-box
Modeling of HCCI Engines”, Journal of Applied Thermal Engineering, to appear in
vol. 70, Issue 1, pages 397-409, Sept. 2014. Permission for use can be found at
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities
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A version including ﬁgures and text from the above technical presentation [1] and paper [2]
is included as Chapter 3 in this thesis. Permission for the academic use of ﬁgures and
published material can found on the publisher’s website on the link provided with each
item in Appendix B.1.
B.2 Permission from Co-author
Following is the permission from co-author of [1] and [2] for including the ﬁgures and
results in this thesis as a part of Chapter 3.
1. Hello Vishal,
I hereby grant permission to you for using the contents from the published paper
entitled: ”Grey-Box Modeling and Control of HCCI Engine Emissions” presented at
2014 American Control Conference (ACC) in your M.S. thesis.
Best regards, Mehran
2. Hello Vishal,
I hereby grant permission to you for using the contents from the paper entitled:
”Grey-Box Modeling of HCCI Engines” published in Journal of Applied Thermal
Engineering in your M.S. thesis.
Best regards, Mehran Bidarvatan, M.Sc. Ph.D. Candidate and Graduate Student
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Research Assistant 910 R.L. Smith Building Mechanical Engineering-Engineering
Mechanics Department Michigan Tech. University, Houghton, MI 49931-1295
Tel:(906)370-0640 Email: mbidarva@mtu.edu, mbidarvatan@gmail.com
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Appendix C
Data Sheets
112
Figure C.1: Technical data sheet 1 of incylinder pressure transducer
113
Figure C.2: Technical data sheet 2 of incylinder pressure transducer
114
Figure C.3: Technical data sheet 1 of shaft encoder.
115
Figure C.4: Technical data sheet 2 of shaft encoder.
116
Figure C.5: Technical data sheet 3 of shaft encoder.
117
Figure C.6: Technical data sheet 4 of shaft encoder.
118
Figure C.7: Technical data sheet 1 of lambda sensor.
119
Figure C.8: Technical data sheet 2 of lambda sensor.
120
Figure C.9: Technical data 3 of lambda sensor.
121
Figure C.10: Technical data sheet 1 of thermocouple.
122
Figure C.11: Technical data sheet 3 of thermocouple.
123
Figure C.12: Technical data sheet 3 of thermocouple.
124
Figure C.13: Technical data sheet 4 of thermocouple.
125
Figure C.14: Technical data sheet 1 of pressure transducer.
126
Figure C.15: Technical data sheet 2 of pressure transducer.
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Appendix D
Thesis Files Summary
This section contains the description of the ﬁles used in this thesis.
1. Table D.1 Data ﬁles(.xlsx)
2. Table D.2 Matlab codes (.m)
3. Table D.3 Matlab ﬁgures (.ﬁg)
4. Table D.4 Documents
5. Table D.5 Visio and image ﬁles
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Table D.1
Data ﬁles (.xlsx)
Sr # File Name Description
1 Ricardo engine grey box data Data ﬁle for Ricardo engine
2 yanmar engine Data ﬁle for Yanmar engine
3 plot data Final grey-box model results for Ricardo
engine
4 gb bberror Grey-box model vs black-box error for
Yanmar engine
5 error yanmar Error ﬁle for different nodes and epochs
for grey-box model for Yanmar engine
6 incylinder pressure data Incylinder pressure transducer voltage
reading vs. crank angle
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Table D.2
Matlab code (.m)
Sr # File Name Description
1 PRF0 train BB ricardo Training code for black-box model for
PRF0 for Ricardo engine
2 PRF20 train BB ricardo Training code for black-box model for
PRF20 for Ricardo engine
3 PRF40 train BB ricardo Training code for black-box model for
PRF40 for Ricardo engine
4 PRF0 valid BB ricardo Validation code for black-box model for
PRF0 for Ricardo engine
5 PRF20 valid BB ricardo Validation code for black-box model for
PRF20 for Ricardo engine
6 PRF40 valid BB ricardo Validation code for black-box model for
PRF40 for Ricardo engine
8 PRF0 train ricardo Training code for grey-box model for
PRF0 for Ricardo engine
9 PRF20 train ricardo Training code for grey-box model for
PRF20 for Ricardo engine
10 PRF40 train ricardo Training code for grey-box model for
PRF40 for Ricardo engine
11 PRF0 valid ricardo Validation code for grey-box model for
PRF0 for Ricardo engine
12 PRF20 valid ricardo Validation code for grey-box model for
PRF20 for Ricardo engine
13 PRF40 valid ricardo Validation code for grey-box model for
PRF40 for Ricardo engine
14 yanmar train BB Training code for black-box model for
Yanmar engine
15 yanmar valid BB Validation code for black-box model for
Yanmar engine
16 yanmar train GB Training code for grey-box model for
Yanmar engine
17 yanmar valid GB Validation code for grey-box model for
Yanmar engine
18 datarange Data range plot code
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Table D.3
Matlab ﬁgures (.ﬁg)
Sr # File Name Description
1 incylinderpressurevoltage Figure 2.15
2 Crankangle Figure 2.19
3 Data range emissions Ricardo ﬁnal Figure 3.4
4 CO ﬁnal ricardo Figure 3.14
5 THC ﬁnal ricardo Figure 3.15
6 NOX ﬁnal ricardo Figure 3.16
7 CO GB yanmar Figure 3.22
8 THC GB yanmar Figure 3.23
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Table D.4
Data sheets
Sr # File Name Description
1 vthakkar latex.zip Latex ﬁles for the thesis
2 Vthakkar Defense.ppt Presentation ﬁle for defense
3 encoder data sheet.pdf Techincal data sheet from
manufacturer for shaft encoder
4 GP50 data sheet.pdf Techincal data sheet from
manufacturer for
5 Incylinder pressure sensor data
sheet.pdf
Techincal data sheet from
manufacturer for incylinder
pressure sensor
6 Incylinder pressure sensor
calibration.pdf
Calibration certiﬁcate from
manufacturer for incylinder
pressure sensor
7 Lambda Sensor data sheet.pdf Techincal data sheet from
manufacturer for Lambda sensor
8 Thermocouple data sheet.pdf Techincal data sheet from
manufacturer for thermocouple
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Table D.5
Images and Visio drawing
Sr # File Name Description
1 Thesis Structure Figure 1.1
2 3dLabsetup Figure 2.1
3 ﬂywheel Figure 2.2
4 Engine front mount Figure 2.3 (a)
5 Rear mount Figure 2.3(b)
6 Modiﬁed water fuel panel Figure 2.4(a)
7 interface Figure 2.4(b)
8 Manufactured interface panel Figure 2.5
9 coolant and water lines Figure 2.6
10 ECU mount Figure 2.7
11 intake air 2 3d Figure 2.8
12 intake air 3d Figure 2.8
13 intakeairturboouttointercooler2 Figure 2.9
14 Airheater Figure 2.10
15 EGRTAP Figure 2.11
16 EGRCOOLER2 Figure 2.12
17 experimentalsetup1 Figure 2.13
18 PnTintake Figure 2.14
19 Encodermount3D2 Figure 2.16
20 Encodermount3D3 Figure 2.17
21 Encodermount1 and
Encodermount2
Figure 2.18
22 lamdasensor1 Figure 2.20
23 OBDII wiring Figure 2.21
24 thermocouple1, thermocouple2,
and thermocouple3
Figure 2.22
25 Final engine1 Figure 2.23
26 Final engine dyno setup Figure 2.24
27 background HCCI control Figure 3.1
28 GB structure Figure 3.5
29 ca50 Figure 3.6
30 texh Figure 3.7
31 emissions Figure 3.8
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Appendix E
Fair Use
All the data sheets in Appendix C (Figures C.1- C.15) in the thesis are provided by the
manufacturer. This information is used to compare the different products available in
market and select the best option for the use. The data sheets in this thesis are attached for
academic purpose and this will result in further use of the similar sensors and equipments
from the same respective manufacturer thus improving sales. The purpose for the inclusion
does not in any way effect the image of the company or the product. The purpose for the
use is purely academic and non-proﬁt.
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